Current strategies for deploying synthetic nanocarriers involve the creation of agents that incorporate targeting ligands, imaging agents, and/or therapeutic drugs into particles as an integral part of the formulation process. Here we report the development of an amphipathic peptide linker that enables postformulation editing of payloads without the need for reformulation to achieve multiplexing capability for lipidic nanocarriers. To exemplify the flexibility of this peptide linker strategy, 3 applications were demonstrated: converting nontargeted nanoparticles into targeting vehicles; adding cargo to preformulated targeted nanoparticles for in vivo site-specific delivery; and labeling living cells for in vivo tracking. This strategy is expected to enhance the clinical application of molecular imaging and/or targeted therapeutic agents by offering extended flexibility for multiplexing targeting ligands and/or drug payloads that can be selected after base nanocarrier formulation. The optimal design and deployment of nanotechnologies for diagnosis and treatment of complex diseases will require the ready incorporation of multiplexed targeting ligands and drug combinations to improve cell-specific delivery and therapeutic efficacy (1-3). In view of the considerable overlap in gene expression between physiological and pathological processes during the evolution of a disease, the use of a unique signature for a pathological condition would be enhanced by the simultaneous detection of diverse molecular biomarkers (4 -7). To date, typical cargos such as targeting ligands, imaging agents, and/or drugs are incorporated into the nanocarriers during the formulation process, which requires dedicated particle design and formulation for each individual application. However, the potential of targeted nanocarriers to achieve improved selectivity and combinatorial therapy against complex diseases may not be fully exploited if flexible multiply targeted and/or drug loadings are not developed and deployed.
The optimal design and deployment of nanotechnologies for diagnosis and treatment of complex diseases will require the ready incorporation of multiplexed targeting ligands and drug combinations to improve cell-specific delivery and therapeutic efficacy (1) (2) (3) . In view of the considerable overlap in gene expression between physiological and pathological processes during the evolution of a disease, the use of a unique signature for a pathological condition would be enhanced by the simultaneous detection of diverse molecular biomarkers (4 -7) . To date, typical cargos such as targeting ligands, imaging agents, and/or drugs are incorporated into the nanocarriers during the formulation process, which requires dedicated particle design and formulation for each individual application. However, the potential of targeted nanocarriers to achieve improved selectivity and combinatorial therapy against complex diseases may not be fully exploited if flexible multiply targeted and/or drug loadings are not developed and deployed.
In contrast, a strategy designed to accommodate swapping and/or combining multiple cargos in generic base nanocarriers would enable flexible and personalized customization of the nanocarriers for application to specific pathologic lesions and unique disease stages. Despite the apparent regulatory challenges to the clinical adoption of such a paradigm, the design of flexible nanocarriers with polyvalent and rapidly swappable targeting and drug delivery cargos represents a necessary first step. Among numerous existing nanoparticles, lipidic nanoparticles either have U.S. Food and Drug Administration approval or are in clinical trials. The potential of rapid clinical translation continues to inspire researchers and scientists to generate novel applications for lipidic nanoparticles (8) . To fully exploit and extend existing lipidic nanoparticle carriers, we now report the design, characterization, and evaluation of a peptide linker that can quickly load cargoes into lipidic nanoparticles after they are formulated and stored. The source for this linker derives from the bee venom peptide component, melittin, which has been shown previously to insert into lipid membranes and cause disruption (9, 10) . We have demonstrated that this modified peptide linker can insert into both perfluorocarbon (PFC) nanoparticles and liposomes without affecting the integrity of these nanocarriers. By using this linker strategy, VCAM-1-targeted PFC nanoparticles were generated, and their specific molecular targeting was quantified by magnetic resonance spectroscopy; the VCAM-1-targeted drug Doxil (doxorubicin HCl) presents enhanced cellular drug delivery. Moreover, by loading cargo into ␣ ␤ 3 -integrin-targeted PFC nanoparticles, we achieved in vivo cargo delivery using this linker approach. This approach preserves the integrity of both the manufacturing process and the product for the base nanocarrier, while enabling the addition of myriad cargos after formulation. Furthermore, we showed that this strategy could also load cargos onto living cells for in vivo tracking or cell-based Trojan horse therapeutic applications.
MATERIALS AND METHODS

Nanoparticle preparation
PFC nanoparticle emulsions were formulated using methods described previously (11) . In brief, a lipid/surfactant comixture of 99 mol% egg lecithin and 1 mol% dipalmitoylphosphatidylethanolamine (Avanti Polar Lipids, Piscataway, NJ, USA) was dissolved in methanol-chloroform(1:3, v/v). The solvent was evaporated under reduced pressure to produce a lipid film, which was dried in a 50°C vacuum oven overnight to obtain the surfactant. Then the surfactant (2.0%, w/v), PFC (Gateway Specialty Chemicals, St. Peters, MO, USA) (20%, w/v), and distilled, deionized water were blended and emulsified at 20,000 psi for 4 min in an ice bath (S110 Microfluidics emulsifier; Microfluidics, Newton, MA, USA). For fluorescent nanoparticles, Alexa Fluor 488 was incorporated into the surfactant layer. For ␣ ␤ 3 -integrintargeted nanoparticles, 0.1 mol% of a peptidomimetic vitronectin antagonist (U.S. patent 6,322,770) linked to phosphatidylethanolamine was incorporated into the surfactant layer.
Giant unilamellar vesicle (GUV) preparation
GUVs were prepared by the electroformation method (12) from a lipid mixture containing 99.9 mol% of 1,2-dioleoyl-snglycero-3-phosphocholine (Avanti Polar Lipids) and 0.1 mol% of the fluorescent dye DiD (Invitrogen, Carlsbad, CA, USA). In brief, a chloroform mixture of lipids and dye at 2 mg/ml total lipid concentration was dried on a surface of two parallel platinum electrodes, resulting in the creation of a thin lipid film on each electrode. Next, platinum electrodes were immersed in a chamber containing 300 mM sucrose solution and connected to a power generator. Electroformation of GUVs attached to the platinum electrodes was performed at 2.3 V and 10 Hz for 1 h at room temperature followed by the detachment of GUVs from the platinum electrodes at 2.3 V and 2 Hz for 30 min.
Peptide synthesis
All peptides were purchased from GenScript USA Inc. (Piscataway, NJ, USA). D1-7 and TCP1 were also synthesized automatically by Fmoc solid-phase peptide synthesis in our laboratory. The product identities were assessed by mass spectrometry (Washington University Proteomics Center, St. Louis, MO, USA), and the purity (Ͼ95%) was confirmed by analytical HPLC.
Incorporation of peptides onto PFC nanoparticles and Doxil
Incorporation procedures were described previously (13) . By controlling the amount of peptide added, the lipid/peptide ratios of peptide-loaded nanoparticles ranged from 300 to 30. The peptide-liposome complex was prepared by mixing Doxil (obtained from Barnes-Jewish Hospital Pharmacy, St. Louis, MO, USA) with 10 mM TCP1 at 30:1 (v/v).
Cell culture
All of the cells were maintained in a humidified atmosphere of 95% air and 5% CO 2 . The murine 2F2B endothelial cells (American Type Culture Collection, Manassas, VA, USA) were maintained in DMEM with 10% (v/v) heart-inactivated FBS (Sigma-Aldrich), and 1% (v/v) sodium pyruvate (Washington University Tissue Culture Support Center, St. Louis, MO, USA). The human C32 melanoma cells (Washington University Tissue Culture Support Center) were maintained in modified Eagle's medium containing Earle's salts and 10% (v/v) FBS. The murine monocytic RAW 246.7 cells (Washington University Tissue Culture Support Center) were maintained in DMEM with 10% (v/v) heart-inactivated FBS.
Cell viability assay
An XTT cell viability assay kit (Biotium, Hayward, CA, USA) was used to assess the cytotoxicity of mutated melittin peptides at different concentrations and the cell-killing effect of Doxil with or without editing at indicated volumes in 1 ml of final treatment volume. For testing peptides, 2F2B cells were seeded in the 96-well plates at a seeding density of 20,000 cells/well. After 24-h incubations, cells were treated with different peptides at selected concentrations for 3 h. For testing Doxil with or without editing, 2F2B cells were seeded in the 24-well plates at a seeding density of 53,333 cells/well. Cells were treated with targeted or nontargeted Doxil for 48 h. The XTT cell viability assay was then performed according to the manufacturer's instructions.
Surface plasmon resonance (SPR)
The kinetics of D1-7, TCP1, and TCP2 insertion in lipid monolayers of PFC nanoparticles was studied by SPR. SPR detects change in the reflective index of a surface (Biacore X100 and carboxymethylated dextran chip L1; Biacore Inc., Piscataway, NJ, USA). A uniform lipid monolayer on an L1 chip was created by injecting PFC nanoparticles (3 l/min) for 30 min. Loosely deposited nanoparticles were removed by performing extra washing steps after immobilization to ensure a stable baseline. Complete coverage was confirmed by injecting BSA (1 mg/ml in PBS) at 15 l/min for 2 min. Different peptides in selected concentrations were injected at a flow rate of 30 l/min for 1 min. At the end of each experiment the chip was regenerated by two consecutive injections of 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (50 l; 100 l/min). The data were analyzed with BIAevaluation software (Biacore Inc.). A two-state model was used for curve fitting (Eq. 1):
where P and L represent the peptide and lipid membrane of PFC nanoparticles, respectively; PL and PL* represent the electrostatic and the hydrophobic interaction between peptide and lipid membrane, respectively; the unit of the rate constant k a1 is 1/M ⅐ s (second-order reaction); and the unit of the rate constants k d1 , k a2 , and k d2 is 1/s (first-order reactions).
Size distribution and potential of nanoparticles
The size distributions of the nanoparticles with or without cargo incorporated were analyzed by dynamic light scattering (Brookhaven Instruments Corp., Holtsville, NY, USA). The size distribution was plotted by particle number.
-Potential values were determined with a PALS Zeta Potential Analyzer (Brookhaven Instruments Corp.). Data were acquired in the phase-analysis lightscattering (PALS) mode after solution equilibration at 25°C.
Electron microscopy
The effect of D1-7 on PFC nanoparticles was examined by transmission electron microscopy. Procedures have been described in detail previously (14) .
Circular dichroism (CD) spectroscopy
A J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA) was used for CD spectra measurements of free D1-7 and lipidbound D1-7 (lipid/peptide molar ratio 8:1). Spectra were scanned in a 1-mm path length quartz cuvette in the far-UV range from 190 to 260 nm at a scan rate of 100 nm/min, and all spectra were collected under argon. An average of 20 scans was used for all spectra. Buffer used was 10 mM potassium phosphate buffer, pH 7.0.
Immunofluorescence
Expression of VCAM-1 on 2F2B cells was determined by using antibody to VCAM-1 (clone 429, MVCAM.A; BD Pharmingen, San Jose, CA, USA) at a dilution of 1:50, along with FITC-conjugated secondary antibody (BD Pharmingen) at dilution of 1:50.
Real-time RT-PCR
RNA was extracted from 2F2B cells with or without TNF-␣ stimulation by using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Mouse endothelial cell biology RT 2 PCR Array, RT 2 First Strand Kit, and RT 2 First SYBR Green/ROX PCR Master Mix were purchased from SABiosciences (Frederick, MD, USA). Real-time RT-PCR was performed on an ABI 7300 system (Applied Biosystems, Foster City, CA, USA).
Confocal microscopy
VCAM-targeted or nontargeted Alexa Fluor 488 colabel PFC nanoparticles were incubated with 4-h TNF-␣ (10 ng/ml)-stimulated 2F2B cells for 1 h at 37°C. Fluorescein-D1-7-loaded PFC nanoparticles with or without targeting ligands (a lipidlinked peptidomimetic vitronectin antagonist to the ␣ ␤ 3 -integrin receptor) were incubated with C-32 melanoma cells for 1 h at 37°C. Unbound nanoparticles were removed by washing 5 times with PBS. VCAM-targeted or nontargeted Doxil was incubated with 4-h TNF-␣ (10 ng/ml) -stimulated 2F2B cells for 2.5 h at 37°C. Unbound Doxil was removed by washing 5 times with PBS. Then cells were fixed in paraformaldehyde (4% in PBS) for 5 min at 37°C and visualized by using a confocal microscope (Meta 510; Carl Zeiss, Thornwood, NY, USA). Fluorescence imaging of cells was performed with a confocal microscope using standard filter sets. Concomitant differential interference contrast imaging was used to determine the location of nanoparticles in the cells. For GUV observation, 50 l of solution containing GUVs was transferred into a Lab-Tek observation chamber (Fisher Scientific, Pittsburgh, PA, USA) containing 450 l of 10 mM HEPES, pH 7.2, 100 mM KCl, and 20 M Alexa Fluor 546 (Invitrogen). Alexa Fluor 546 dye was used to assess the permeabilization of GUVs. Observation of GUVs and confocal microscopy were done on an LSM 510 microscope (Carl Zeiss).
F magnetic resonance spectroscopy (MRS) and magnetic resonance imaging (MRI) at 11.7 T
19 F MRS and MRI of 2F2B cells were performed on a Varian 11.7-T scanner using a custom-designed 0.5-cm 4-turn solenoid radiofrequency (RF) coil per published procedures (15) . Cells were contained within a centrifuge tube and analyzed together with an internal standard of 3, 0.3, or 0.03 l of PFC nanoparticle. 19 F MRS (number of averagesϭ256, 90°flip angle, acquisition time: 6 min) of cells was performed for quantitative evaluation of intracellular labeling of nanoparticles using a spin-echo sequence. Proton and 19 F spinecho images were exactly coregistered. The proton images were acquired over two signal averages with a 128 ϫ 256 matrix and a 1.5 ϫ 2 cm field of view with a 1.5-mm depth. A 1-s repetition time and 0.017-s echo time were used. Fluorine images used 16 signal averages, a 64 ϫ 128 matrix, and an identical field of view with a 1-cm depth. A 1.25-s repetition time and 0.01-s echo time were used.
Animal experimental protocol
The experimental and humane animal care protocols were approved by the Animal Care Committee of the Washington University School of Medicine. Tumor xenografts for in vivo tumor site delivery (male C57BL/6 mice; National Cancer Institute, Bethesda, MD, USA) at the age of 4 -6 wk were subcutaneously inoculated into the inguinal region with 1 ϫ 10 6 B16F10 cells in 50 l of sterile saline. Ten days after tumor implantation, the tumor-bearing mice were injected intravenously with ␣ ␤ 3 -targeted nanoparticles with or without FITC loading (1 ml/kg), and nanoparticles were allowed to circulate and bind to the neovasculature for 2 h before the tumors were excised, snap-frozen, and sliced for fluorescence visualization using a BX61 microscope (Olympus America Inc., Center Valley, PA, USA). For in vivo optical imaging of circulating red blood cells, 1 ml of whole blood was withdrawn from the left ventricle of a male donor athymic nude mouse (nu/nu) (National Cancer Institute) and RBCs were isolated after centrifugation. After cell labeling with FITC-D1-7, RBCs suspended in 50 l of sterile saline were intravenously injected into athymic nude mice (nu/nu) for in vivo fluorescence imaging.
In vivo ultrasound tumor imaging
Tumor growth was confirmed by in vivo transcutaneous ultrasound imaging with an animal ultrasound imager. Procedures and image processing have been described in detail previously (13) . In brief, a high-frequency ultrasound imaging system (Vevo 660; VisualSonics, Toronto, ON, Canada) was used to acquire backscatter data from the mouse tumors. The system was modified to output analog RF data and associated trigger signals to permit digitization of the raw RF waveforms. Waveforms were digitized at 500 MHz with an 8-bit digitizer (CS82G; Gage Applied Technologies, Lockport, IL, USA) and stored for offline analysis. The transducer probe (40-MHz wobbler, 6-mm focal length, and 20-Hz frame rate) was affixed to a motorized gantry under computer control to enable automated scanning of the probe across the length of the tumor. Each anesthetized animal was placed on its back on a platform beneath the probe, and a small amount of ultrasound coupling gel was applied to the area proximal to the tumor. The probe was positioned so that the central area of the tumor was situated in the focal region of the transducer. RF data corresponding to cross-sectional views of the tumor were acquired at multiple sites along the length of the tumor, so that the entire tumor volume was interrogated.
The probe was translated laterally (perpendicularly to the swing of the wobbler) in 100-m steps between each scan plane acquisition.
Tumor histology
Frozen acetone-fixed tumor sections were stained with hematoxylin and eosin. Expression of the endothelium-specific marker platelet/endothelial cell adhesion molecule 1 (PECAM-1) were determined by using monoclonal antibody to PECAM-1 (clone MEC13.3; BD Biosciences) at dilutions of 1:50. The antibody was developed using an ABC Kit and VIP Substrate Kit (Vector Laboratories, Burlingame, CA, USA) with methyl green nuclear staining.
Cell labeling
RAW 246.7 cells were incubated with FITC-linker peptide (10 M) for 1 h at 4°C. Subsequently, cells were washed and analyzed by using flow cytometry (CyAn ADP with Summit Software; Dako, Carpinteria, CA, USA). RBCs were incubated with FITC-linker peptide (10 M) for 1 h at 4°C. After incubation, the RBCs were washed and visualized with a BX61 microscope (Olympus America).
In vivo optical mice imaging
In vivo fluorescence images were acquired and analyzed with a Xenogen IVIS Spectrum imaging system (Caliper LifeSciences, Hopkinton, MA, USA). During the image acquisition, the mice were maintained under isoflurane inhalation anesthesia. The settings (excitation, 500 nm; emission, 540 nm; exposure time, 0.5 s; binning factor, 8; f value, 2; and field of view, 12.9) were used for imaging acquisitions from the animals intravenously injected with fluorescence-labeled RBCs. For the control animals, all of the settings were the same except that exposure time was 1 s. The resultant pseudocolor "efficiency image" was used to illustrate the systemic distribution of the labeled cells.
RESULTS
Modification of melittin attenuates its pore-forming and lytic activity
Previously we demonstrated that the amphipathic hostdefense peptide melittin rapidly inserts and remains stably bound in the lipid monolayer surrounding the PFC nanoparticles for in vivo application (13, 14) . We hypothesized that melittin could be engineered to attenuate its lytic activity while retaining its property of stable insertion into the lipidic nanocarriers. Melittin was altered by point mutations and truncations (Fig. 1a) . For each peptide, cytotoxicity was assessed in the murine 2F2B endothelial cells by the XTT cell viability assay (Fig. 1b) . Among all the peptide mutations tested, the cytotoxicity index of D1-7 (114.4Ϯ10.2 M) was reduced most compared with melittin modified with N-terminal acetylation and C-terminal amidation (MMLT) (2.362Ϯ0.228 M), representing an ϳ50-fold decrease in cytotoxic effect due to the reduced lytic activity of the modified peptide compared with MMLT (Fig. 1c) .
As demonstrated in our previous study, melittin destroys liposomes at a peptide to lipid molar ratio of 1:40 (13) . To further demonstrate the attenuated lytic activity of D1-7 in a lipid bilayer system, we conjugated FITC onto the N terminus of D1-7 and visualized the integrity of the DiD-labeled GUV membrane by confocal microscopy at a peptide/lipid molar ratio of 1:40. The fluorescence from the FITC-labeled linker peptides (Fig. 2a, green rings) and that from GUV (Fig. 2b , red rings) were colocalized (Fig. 2d, yellow rings) . In addition, we added a soluble dye, Alexa Fluor 456, outside the GUV to test the permeability of the GUV membrane after the membrane insertion of the D1-7. As shown in Fig. 2c , the dye fluorescence signal could only be detected outside of the GUV. This result indicates that D1-7 was inserted into the lipid membrane of GUVs without affecting the membrane permeability. These observations indicate that D1-7 exhibits dramatically attenuated lytic activity compared with that of melittin. Therefore, D1-7 was selected as a candidate peptide, and its utility was assessed as a linker for membrane insertion into PFC nanoparticles.
Stable insertion of D1-7 peptide into PFC nanoparticles
To investigate the kinetics of D1-7 insertion into the lipid membrane of the PFC nanoparticles, we used SPR Figure 1 . Peptide mutations designed to alter melittin lytic activity. a) Sequences of melittin peptide mutations. Sequences are aligned; point mutations are marked in italic with underscore. Point mutations chosen were V5W and P14A. For V5W, the 5th amino acid, valine, was substituted by tryptophan. For P14A, the 14th amino acid, proline, was substituted by alanine. The 3 truncations were D1-4, D1-7, and D23-26. D1-4 and D1-7 had the first 4 and 7 aa on the N terminus deleted, and D23-26 had the last 4 aa on the C terminus deleted. The MMLT retained the native melittin sequence. All of the peptides contained N-terminal acetylation and C-terminal amidation to mimic the situation of cargo attachment that would apply when these peptides would be used as a linker on the nanocarriers. b) Cell viabilities after treatment with melittin mutants at selected concentrations. Shown is to evaluate the dynamics of the 2-state interaction between the D1-7 and PFC nanoparticles. PFC nanoparticles were immobilized on an L1 sensor chip as described previously (14) . D1-7 was injected over the PFC nanoparticle surface in selected concentrations. The sensorgram responses directly mapped the association and dissociation kinetics of the D1-7 with the PFC nanoparticles (Fig. 3a) . A 2-state model was applied as shown in Eq. 1 (see Materials and Methods). In the first state, D1-7 rapidly associates with the lipid membrane of PFC nanoparticles, where k a1 is 2619 (1/
Ϫ4 (1/s). The dissociation constant of D1-7 from PFC nanoparticles is 7.64 ϫ 10 Ϫ8 M. After melittin inserts into the lipid membrane, it undergoes a secondary structural change from a random unordered structure to an ␣-helical conformation (14, 16 -18) . Therefore, we measured CD spectra for free D1-7 and PFC nanoparticle-bound D1-7 to determine whether D1-7 undergoes a similar structural change as does melittin on membrane binding. Free D1-7 exhibited a very strong negative peak near 200 nm and a relatively weak peak between 220 and 230 nm, which represented the unordered structure (Fig. 3b) . However, the CD spectrum of lipid membrane-bound D1-7 exhibits two negative peaks: one at 209.2 nm and the other at 222.8 nm (Fig. 3c) , which demonstrate the ␣-helical secondary structure formation of D1-7 after incorporation into the lipid membrane.
The potential was measured to determine the surface charge of the PFC nanoparticles and the extent of peptide incorporation. The potential of native PFC nanoparticles is Ϫ17.62 mV. After incorporating positively charged D1-7 peptides, PFC nanoparticles exhibited a -potential shift to ϩ23.33 mV (Fig. 3d) . This change is consistent with the insertion of the positively charged D1-7 into the PFC nanoparticles. On the other hand, the average hydrodynamic diameter of the PFC nanoparticles was not affected by D1-7 insertion (Fig.  3d) . Furthermore, the structural integrity of D1-7-inserted PFC nanoparticles was confirmed by transmission electron microscopy ( Fig. 3e) , for which the lipid membrane of the PFC nanoparticles appears intact. These observations taken together indicate that D1-7 stably inserts into the PFC nanoparticles to form a stable peptide-nanoparticle complex.
After demonstrating the stable D1-7 peptide-nanoparticle complex formation, we investigated the cytotoxicity of this new nanoconstruct, by extending our standard cytotoxicity study to D1-7 incorporated into ␣ v ␤ 3 integrin-targeted nanoparticles applied against B16F10 melanoma cells, which express ␣ ␤ 3 -integrin on the cell surface in vitro. At a concentration of 250 M, PFC nanoparticles incorporating D1-7 only induce ϳ10% of the cell death (Supplemental Fig. 1 ). These results further illustrate the safety of D1-7 as a linker in particle formulations.
Cargo attachment does not disrupt the linker properties of D1-7
So far, we have demonstrated that D1-7 functions as a linker for PFC nanoparticles and can be added after the formulation of the base nanoparticles. Next, we sought to demonstrate that the insertion of D1-7 into PFC nanoparticles would not be affected by conjugation with a targeting cargo. As a test cargo, we conjugated a 7-aa peptide-targeting ligand against the adhesion molecule VCAM-1 that was previously reported by Kelly et al. (19) . VCAM-1, an inflammatory biomarker, was selected for practical purposes because it plays a pivotal role in the evolution of atherosclerosis and other inflammatory diseases and therefore is an excellent candidate for nanoparticle-based molecular imaging and targeted drug delivery in these pathological conditions (1, 20 -22) . The anti-VCAM-1 peptide was conjugated onto either the C terminus or N terminus of D1-7 with two glycines in between as a spacer to form two types of VCAM-1 targeting combination peptides called TCP1 and TCP2, respectively. The sequences of TCP1 and TCP2 are shown in Supplemental Fig. 1a .
The insertion kinetics of TCP1 and TCP2 into PFC nanoparticles were examined with SPR ( Supplemental  Fig. 2b, c) . Values for k a1 were 257.8 and 1792 (1/M ⅐ s), for k d1 were 8.74e
Ϫ4 and 1.438e Ϫ3 (1/s); for k a2 were 1.536e Ϫ3 and 3.454e Ϫ3 (1/s), and for k d2 were 1.57e Ϫ4 and 2.36e Ϫ4 (1/s) for TCP1 and TCP2, respectively. The dissociation constants of TCP1 and TCP2 were 3.15 ϫ 10 Ϫ7 and 5.13 ϫ 10 Ϫ8 M, respectively. These data suggest that the insertion of D1-7 into PFC nanoparticles is not appreciably affected by the addition of a targeting ligand cargo. Similar to the behavior of D1-7 insertion, TCP1 and TCP2 altered the potential of PCF nanoparticles from Ϫ17.67 to ϩ13.47 and ϩ12.43 mV, respectively (Supplemental Fig. 2d ). The mean hydrodynamic diameter of the PFC nanoparticles was not affected by the insertion of either TCP1 or TCP2 (Supplemental Fig. 2d ). These results indicate that D1-7 is capable of stably and rapidly linking a small targeting ligand into the preformulated PFC nanoparticles.
Linker strategy enables specific molecular targeting, imaging, and quantification
Validation of specific binding of the VCAM-1-targeted nanoparticles was studied in cultured murine endothelial cells (2F2B) in the presence of serum. Two formulations of VCAM-1-targeted nanoparticles (VTNP1 and VTNP2) were produced by loading preformulated PFC nanoparticles with TCP1 or TCP2, respectively. Specific targeting to 2F2B cells was investigated by confocal microscopy, 19 F MRS, and MRI. In each case, lipidlinked Alexa Fluor 488 also was included in the membrane of these PFC nanoparticles to allow confocal fluorescence visualization. Up-regulation of VCAM-1 expression by TNF-␣ stimulation on the 2F2B cells was verified on both mRNA and protein expression (Supplemental Fig. 3a-c) . Therefore, TNF-␣-stimulated 2F2B cells that have enhanced VCAM-1 expression on their surface were treated with Alexa Fluor 488-colabeled VTNP1, VTNP2, or nontargeted nanoparticles. Manifestly stronger fluorescent signals emanated from the cells treated with VCAM-targeted nanoparticles (Fig. 4a, b) than from cells treated with nontargeted nanoparticles (Fig. 4c) , which demonstrates the specific binding of targeted nanoparticles to cellular VCAM-1.
In addition, the 19 F PFC core of PFC nanoparticles enables these nanoparticles to serve as unique magnetic resonance spectroscopic and imaging agents with no background signal in vivo (23) . Because of the known linear relation between 19 F signal intensity and the con- centration of 19 F molecules (15, 24) , the amount of nanoparticles delivered to the cell can be estimated. Using this approach, 19 F magnetic resonance spectra of TNF-␣ stimulated 2F2B endothelial cells treated with VTNP1, VTNP2, or nontargeted nanoparticles were acquired. We normalized the number of bound nanoparticles by the total number of measured cells to calculate the number of the bound nanoparticles per cell (Fig. 4d) . These data confirmed that VTNP1 manifests better targeting efficiency than does VTNP2 and further support the specific binding of targeted nanoparticles.
We also evaluated the dose dependencies of VTNP1 and VTNP2 targeting. Sigmoidal dose-dependent responses (Fig. 4e) again confirm the better targeting efficiency of VTNP1, while also demonstrating that the binding of VCAM-targeted nanoparticles is dependent on the amount of targeting peptide incorporated onto the nanoparticle, which provides the guidance for optimal and efficient cargo loading. As expected, the 19 F image of the cells treated with VTNP1, VTNP2, or nontargeted nanoparticles showed the same preference for C terminus addition of the targeting sequence (Fig.  4f) . A stronger 19 F signal was detected from the cells treated with VTNP1 than with VTNP2, whereas no 19 F signal was detected from the cells treated with nontargeted nanoparticles. It is also clear that the exposure of VCAM-1-targeting peptides fused to the C terminus of the linker generates better binding than the VCAM-1-targeting peptide attached to the N terminus.
We also investigated the cytotoxicity of VTNP1 and VTNP2 against TNF-␣-stimulated 2F2B cells, which exhibit up-regulated VCAM-1 expression on cell membranes. No significant cell toxicity was observed even at the concentration of 200 M ( Supplemental Fig. 4) . The VCAM-1-targeted nanoparticles reach their targeting saturation at a concentration of 20 M (Fig. 4e) , which illustrates the safety of these targeted cargo carrying nanoparticles.
Linker strategy adds cargo to a conventional targeted nanosystem for in vivo applications
To illustrate the potential for therapeutic cargo delivery into cells and the utility of the system for in vivo application, we next loaded FITC conjugated on D1-7, as a mock cargo, into integrin-targeted PFC nanoparticles that were preformulated with a lipid-linked ␣ ␤ 3 -integrin-binding peptidomimetic moiety (25) . First, in vitro confocal imaging revealed marked cytoplasmic uptake of the FITC from ␣ ␤ 3 -integrin-targeted nanoparticles by C-32 cells (Supplemental Fig. 5a ). In contrast, after nontargeted FITC-loaded nanoparticles were incubated with C-32 cells for the same time period, cellular internalization of FITC was not apparent (Supplemental Fig. 5b) .
To demonstrate in vivo application, we injected FITC-loaded ␣ ␤ 3 -integrin-targeted nanoparticles intravenously into mice harboring 10-d-old B16F10 melanoma tumors (Fig. 5a, b) . Previous reports indicated that ␣ ␤ 3 -integrin expression is intensely up-regulated on neovasculature at tumor sites, and specific vascular targeting of ␣ ␤ 3 -targeted nanoparticles can be achieved with lipid-conjugated targeting ligands prepared in the usual fashion (25) . Here, we observed a significant fluorescent signal at the tumor site in the mice injected with FITC-loaded ␣ ␤ 3 -integrin-targeted nanoparticles after 2 h of circulation (Fig. 5c) but not in the mouse treated with the ␣ ␤ 3 -targeted nanoparticles without the FITC-linker cargo, which provided tissue autofluorescence control (Fig. 5d ). This result confirms the stability of linker-nanoparticle complexes for in vivo application.
Linker strategy converts Doxil into a targeted delivery system and enhances drug delivery
To demonstrate the direct translational potential of the system, we loaded TCP1 onto Doxil, which is a lipid bilayer drug delivery nanosystem, to generate VCAM-1-targeted Doxil. Consistent with our findings in the lipid monolayer nanosystem, the loading of the targeting ligand onto Doxil did not affect the size of this liposomal agent (Fig. 6a) but did shift the potential of the Doxil to a less negative voltage range as expected from effective conjugation (Fig. 6a) . When the VCAM-1-targeted Doxil was applied to cells with surface VCAM-1 expression in vitro, only 10% of the typical nontargeted Doxil dosage was able to achieve the equivalent cell- killing effects (Fig. 6b) . To differentiate the cellular uptake of targeted and nontargeted Doxil, confocal visualization demonstrated significantly greater doxorubicin, both cytoplasmic and nuclear uptake in the treatments, with targeted Doxil (Fig. 6c) than with nontargeted Doxil (Fig. 6d) .
Linker strategy enables live cell labeling and tracking
For investigating potential cell labeling and imaging applications, FITC loading onto cultured monocytes (RAW264.7) by this linker strategy was demonstrated by flow cytometry. Significant rightward shifts of mean florescence intensity (Fig. 7a) confirmed the loading of the FITC onto the monocytes. Also, this linker was capable of loading FITC onto isolated RBCs, which were then visualized intact under fluorescence microscopy (Fig. 7b) . The labeled RBCs then were injected into mice to produce a prominent and distributed fluorescent signal by whole-body fluorescence imaging (Fig. 7c, left) within minutes after intravenous injection, which distinguished from the autofluorescence (Fig. 7c, right) . These results illustrate the cell tracking potential of the linker labeling system.
DISCUSSION
We have demonstrated recently that native melittin can stably insert into PFC nanoparticles for use as anticancer therapy (13, 14) . Here, for the first time, we show that modified melittin, D1-7, can be converted into a cargo linker for lipid membrane editing of nanostructures and living cells. Melittin is a 26-aa peptide that comprises more than half of the dry weight of the venom of the honeybee Apis mellifera (26) . The residues 1-20 of the melittin form two amphipathic ␣-helixes with a proline hinge (27) , whereas the residues 21-26 of the melittin are positively charged. Both hydrophobic and hydrophilic segments of melittins are essential for its lytic activity (9, 28 -33) . Sequence modifications of melittin alter its lytic activity (28 -30, 32-35) . However, the membrane binding of those modified melittins has not been investigated previously. Consistent with previous reports (30, 33, 35) , D1-7 with a shortened hydrophobic segment exhibited dramatically attenuated cytolytic and pore-forming activity on the lipid membrane. Furthermore, the stable membrane insertion of D1-7 was illustrated in 3 independent tests: SPR to study the kinetics of D1-7 lipid insertion; CD spectroscopy to define the secondary structural change after D1-7 insertion into lipid membrane; and potential to confirm the surface charge change after the insertion of positively charged D1-7 into the lipid membrane.
Inspection of the kinetic data suggests that the off rates of integrated D1-7 and native melittin are similar. The major difference between D1-7 and melittin resides in the first state of integration, which suggests that by extending the loading period, similar PFC nanoparticle loading can be achieved compared with that for native melittin. The truncated melittin analog, D1-7, exhibited an interaction with the PFC nanoparticles that is consistent with prior observations (14) . The CD spectra demonstrated that D1-7 formed an ␣-helical structure after insertion into the lipid membrane similar in extent to that of native melittin. According to Klocek et al. (36) , the hydrophobic interaction of the ␣-helical segment of the amphipathic peptide contributes to the negative free energy change that is generated by the hydrophobic integration (PL*), which is characterized by k a2 and k d2 . We observed that the k d2 /k a2 of D1-7 (0.0899) was comparable to that of melittin (0.0673) (14) , thus confirming that the structural accommodation that insertion of D1-7 provides would be as stable in the lipid membrane for in vivo application as is that of melittin (13) . The stable insertion of D1-7 into PFC nanoparticles for in vivo applications was also confirmed in Fig. 5 . FITC, a fluorophore loaded into ␣ ␤ 3 -integrin-targeted nanoparticles by D1-7, was delivered into tumor sites after 2 h of in vivo circulation. These results indicate that this linker can postedit a variety of membrane-functionalized nanocarriers, suggesting the possibility of converting existing functionalized nanocarriers into a multiplexing nanosystem for enhanced molecular imaging and therapy. In the data presented so far, we have demonstrated the ability to load a cargo into nanocarriers with negative potential by using the positively charged D1-7. However, the loading capability of D1-7 is not limited to the lipidic nanosystems with negative potential, as it also can insert into the cationic nanoparticles. In Supplemental Fig. 6 , we demonstrate that D1-7 incorporates into cationic nanoparticles and that the average hydrodynamic diameter of the PFC nanoparticles was not affected, whereas the potential of the cationic nanoparticles shifts from ϩ45.85 Ϯ 1.9 to ϩ76.03 Ϯ 2.01 mV. These results further demonstrate the pivotal role of hydrophobic interaction in the stable insertion of D1-7 into the lipid membrane, and the insertion is membrane charge-independent, which is consistent with previous findings (9, 28) .
We also observed that exposure of VCAM-1-targeting peptides fused to the C-terminus of the linker generates better targeting than did the VCAM-1 targeting peptide attached to the N terminus. This observation was consistent with the known orientation of melittin in lipid membranes where the N terminus situates more deeply into the lipid membrane and the C terminus remains exposed on the membrane surface (37, 38) . Because the N terminus of the linker peptide presumably situates more deeply into the particle lipid monolayer, the orientation of the targeting ligands is undoubtedly more complex than that of the C-terminal-loaded peptides, which would not be optimal for interacting with surface biomarkers. Therefore, VTNP1 exhibits better targeting efficiency than does VTNP2. The exact configuration of the N-and C-terminal-loaded peptides in the monolayer is a subject of further investigation in an attempt to achieve optimally performing structures. Moreover, we demonstrated that these targeted nanoparticles responded to the level of VCAM-1 expression, such that the more VCAM-1 that was expressed, the more targeted nanoparticles were delivered (Supplemental Fig. 3d) . Therefore, we conclude that we succeeded in converting nontargeted PFC nanoparticles into targeted nanovehicles with the use of this linker strategy and that the fundamental interaction of the targeted nanoparticles with the cells was specific and occurred independently of the generalized cell penetration mechanism that might be expected of other cationic peptides, such as TAT (39) . Moreover, the specific targeting of the Doxil liposomal carrier markedly enhances the deposition of doxorubicin into the cytoplasm, which then presumably leads to better nuclear delivery through conventional doxorubicin trafficking. The Doxil treatment results demonstrated that targeting dramatically augmented the cell killing, which is of definite interest for nanomedical applications in cancer therapy.
In summary, we have designed, characterized, and verified a novel linker strategy to generate biocompatible peptide nanostructures for lipidic nanocarriers including PFC nanoemulsions, liposomes, and cells for combined molecular imaging and cell-targeted therapeutic agents. This linker offers flexible and rapid switching and multiplexing of targeting ligands and/or therapeutic payloads as dictated by specific medical needs. In this approach, the targeting ligand and/or therapeutic ingredients can be added to an existing nanosystem without having to reformulate the base nanocarriers. Such a strategy should prove useful in biomarker discovery by speeding adoption of new targets and/or drugs into the nanoparticle formulary. Moreover, the extension of this paradigm to rapid cellular or organelle labeling also appears promising for in vivo cell tracking and molecular imaging. In short, the concept of "nanostructure editing" with the use of the novel linker strategy presented here introduces a novel paradigm for achieving the rapid deployment of multiple targeting ligands and/or therapeutic cargos in a large class of clinically acceptable nanomedicinal agents.
